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As the fluidic devices are miniaturized to improve portability, the friction of the 
microchannel becomes intrinsically high and a high pumping power will be required to 
drive the fluid. Since the pumping power delivered by portable devices is limited, one 
method to reduce this is to render the surface to become slippery. This can be achieved 
by roughening up the microchannel wall and form a bed of air pockets between the 
roughness elements, which is known as the superhydrophobic Cassie-Baxter state. 
While the study on superhydrophobic microchannels are focused mainly in 
maximizing the friction reduction effects and maintaining the stability of the air pockets, 
less attention has been given to characterizing the microchannel friction under a 
metastable state, where partial flooding of the micro-textures may be present, and under 
heated conditions, where the air pockets are trapped between the micro-textures. In order 
to quantify the frictional characteristics, microchannels with micron-sized trenches on the 
side walls were fabricated and tested under varying inlet pressures and heating 
conditions.  
By measuring the hydrodynamic resistance and comparing with numerical 
simulations, results suggest that (1) the air-water interface behaves close to a no-slip 
boundary condition, (2) friction becomes insensitive to the wetting degree once the 
 vii
micro-trenches become highly wetting, (3) the fully wetted micro-trench may be 
beneficial over the de-wetted ones in order to achieve friction reduction effects and (4) 
heating the micro-trenches to induce a highly de-wetting state may actually be 
detrimental to the microchannel flow due the excessive growth of the air layer. 
As part of the future work to characterize heat transfer in superhydrophobic 
microchannels, a rectangular microchannel with microheaters embedded close to the side 
walls was fabricated and the corresponding heat transfer rates were measured through 
dual fluorescence thermometry. Results suggested that significant heat is lost through the 
environment despite the high thermal resistance of the microchannel material. An extra 
insulation is suggested prior to characterizing the convective heat transfer coefficients in 
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1.1  Overcoming the Pumping Power Limit in Microfluidics  
 Principles of microfluidics have received considerable attention due to the ongoing 
miniaturization of fluidic systems. Application of Lab-on-a-chip devices includes drug 
delivery systems, diagnostic tools, and industrial/environmental testing apparatuses. One 
example of implementing a Lab-on-a-chip device is a diagnostic tool to detect HIV or 
Syphilis virus, where the hand held device can be rapidly tested in the field.  
 While miniaturization of the fluidic system has a multitude of benefits such as 
reduction of reagent use, large data collection with only a small amount of samples, and 
precise control of the fluidic path, the pumping power required to drive the fluid becomes 
significantly large as the channel cross-sectional dimensions are reduced. In order to 
reduce the pumping power, there are a few parameters that may be controlled: 
- Microchannel dimensions 
- Fluid temperature 
- Flow rate of the working fluid 
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1.3  Recent Developments in Application of Superhydrophobic Surfaces 
 Superhydrophobic surfaces, particularly the Cassie-Baxter state, have received 
considerable attention due to its reduced hydrodynamic resistance. The primary objective 
of most work in this area has been focused on minimizing the hydrodynamic resistance 
and hence the pumping power to drive fluid in the microfluidic systems. The slip length 
(Fig. 3), a quantification of how much the wall boundary condition deviates from the no-
slip boundary condition, has been experimentally and theoretically/numerically 
calculated for various types of surface roughness configurations. Studies have shown that 
the slip length is generally larger if the roughness elements of the walls are connected 
throughout the texturing in the axial direction. Other approaches to maximize the slip 
length include rendering the roughness elements to nano-scale, modifying the roughness 
shape, or increasing the air pocket size trapped between the roughness elements. 
 Another area of interest in the study of superhydrophobic surfaces has been focused 
on delaying the flooding of water into the air pockets. Methods used to prolong the 
Cassie-Baxter state includes using nano-sized features as the surface texturing, 
chemically coating the roughness elements with a low surface energy solution, and 
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 Toward this end, this dissertation will focus three major topics: 
 Study of the stability of the Cassie-Baxter state in a pressure driven flow and the 
partial wetting effects of the roughness elements on the friction reduction 
characteristics. The experiments in the first section have been performed under 
room temperature conditions.  
 Study of stability of superhydrophobic microchannel under heated conditions. 
The air-water interface change is observed as the microchannel temperature is 
increased and the flow rate change of the microchannel is compared with the 
baseline microchannel with smooth walls. 
 Developing apparatus and methodology to enable study of convective effects in a 
microchannel under elevated temperatures. In this section, the microchannel is 
heated to explore the effects of heating on the microchannel friction and the 





FRICTION REDUCTION EFFECTS IN A MICRO-
TEXTURED MICROCHANNEL 
2.1  Introduction 
 Friction reduction in the microchannel walls can help reduce the pumping power 
requirements as the pressure drop required to flow the fluid is inherently large owing to 
its small cross-sectional area. One possible way of achieving friction reduction is using 
surface microtexturing that can lead to a superhydrophobic Cassie-Baxter state, where the 
air pockets trapped between the microtextures promote the wall to be ‘slippery’.  
 The major study in this area is geared towards optimizing the surface microtexturing 
geometry to maximize the friction reduction effects. Studies have shown that the slip 
length is greater if the air pockets within the roughness elements are not isolated but 
rather connected throughout the texturing,1-2 Other approaches used to maximize the slip 
length include modifying the surface texture shape,3-4 reducing the roughness element 
size to the nano-scale5-7, and increasing the size of the air pockets. 8 
 Another research topic of interest is maintaining the air pockets under elevated 
pressures. Prevention of liquid flooding into the air cavities has been rigorously studied 
because once the cavities are wetted, termed as the Wenzel state,9 it is difficult to 
transition back to the Cassie-Baxter state.8 Methods used to prevent liquid flooding 
include applying air between the cavities,10 roughening up the surface texturing with 
nano-scale roughness elements,11-12 and chemically coating an already rough surface with 
8 
 
a low surface energy material.13-14 Instead of delaying the air pockets from flooding into 
the air pockets, a number of studies performed experiments which artificially transitioned 
from the Wenzel state back to the Cassie-Baxter state. Such examples include utilizing 
electrolysis to form hydrogen bubbles as the gas layer,15 injecting air into the cavities16 or 
boiling the flooded microtextures and filling the cavities with vapor.17  
 While various studies were performed to increase the slip length or maintain a Cassie-
Baxter state, less attention has been paid to friction in partially wetting microtextures and 
the correlation between the liquid-gas interface location and the microchannel flow 
characteristics. Toward this end, this section will focus on the stability of the Cassie-
Baxter state in a Poiseuille flow and the effects of partial roughness wetting have on the 
friction reduction characteristics. To properly visualize the gas-liquid interface and 
monitor its degree of penetration into the microtexturing, microchannels with an array of 
isolated trenches on the side were designed and fabricated. Global flow friction 
characteristics obtained from pressure versus flow rate measurements were correlated 
against micro-trench wetting conditions collected from this visualization setup. The 
experimental results for this particular enclosed microgeometry suggest that 1) the 
frictional characteristics of the air-water interface more closely resembles a no-slip 
condition rather than a shear-free behavior possibly due to immobilization of the air-
water interface by contamination and/or constraining nature of the microgeometry, 2) the 
friction reduction is rather insensitive to liquid penetration into the roughness elements, at 
least for the geometries tested here and, related to these two previous corollaries, 3) fully 
wetted Wenzel state micro-trenches provide better friction reduction than de-wetted, air 




2.2  Background – Fundamentals of Superhydrophobic Surfaces 
2.2.1 Young’s Equation and Contact Angle 
 Since the major phenomenon of interest is the Cassie-Baxter state, where pockets of 
air exist between the microtexture cavities, the three-phase interface characteristics are an 
important parameter. If a liquid is dispensed on a solid substrate, the liquid will either 
completely wet or partially wet the solid substrate. This depends on the spreading 
parameter,  
 
 SV SLS       (1)  
 
where SG  is the solid-vapor surface energy, SL  is the solid-liquid surface energy and   
is the liquid-vapor surface energy, or what is commonly referred as surface tension. If 
0S  , the surface will try to lower its energy by spreading the dispensed liquid, and if 
0S   the liquid will try to minimize its footprint by forming a compact droplet or dome 
on the substrate.  
 When 0S  , the work w  required to displace the droplet if the liquid is advanced 
by a distance dx  is,  
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 The Cassie-Baxter case (Fig. 7) is different from the Wenzel case in principle, even 
though the contact angle between the two states can be identical. Surfaces under the 
Cassie-Baxter state involves and extra air-water interface underneath the liquid droplet 
and the work energy is expressed as, 
 
 1 2 ( cos )in SL SV CBw f dx f dx dx           (6)  
 
where f1 is the fraction between the area of the solid-liquid interface and the nominal flat 
area, and f2 is the fraction between the area of the liquid-vapor interface underneath the 
droplet and the nominal flat area. Under equilibrium conditions ( 0inw  ),  
 
1 1cos cos (1 )CB Yf f     (7)  
 
 As seen in Eq. (7), 2 11f f  , and the portion of the air-water interface underneath 
the liquid droplet is essentially -1 since the maximum achievable contact angle is 180˚ 
( cos 1   ). As a portion of the area underneath the liquid droplet is exposed to air, this 
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where fC  is the skin friction factor, w  is the shear stress at the wall,   is the fluid 











      (9)  
 
where Po  is defined as the Poiseuille number, P  is the pressure drop across the 
microchannel, A  is the cross sectional area, p  is the perimeter of the cross-section,   




 The friction of the duct flow with no-slip boundary condition has been very well 
established, both experimentally and analytically/numerically.18 Analytically, the relation 
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where a is the half width, b is the half height,   is the viscosity of the fluid and dp dx  
is the pressure gradient in the axial direction.  
 In this chapter, the fRe  of the microchannel with superhydrophobic walls will be 
compared to the fRe  of the baseline, which is the rectangular microchannel with a flat 
solid wall. As will be discussed in further sections, friction reduction effects were 
observed with superhydrophobic microchannels. However, the value of the fRe  did not 
stay constant with increased Re  due to the air-pockets trapped within the micro-textures. 
 
2.3  Experimental Methods 
2.3.1 Side-trenched Microchannel Fabrication 
In order to efficiently track the air-water interface location in each of the 
artificial surface roughness, the microtextures are designed as isolated micro-trenches on 
the side walls oriented transverse to the water flow (Fig. 8). With this design, the air-
water interface location in individual micro-trenches can be visualized. To our knowledge, 
the study presented here is the first attempt to experimentally quantify the partial wetting 
effects on friction using larger aspect ratio microchannels (~1:1) with significant friction 
reduction effects from the superhydrophobic surfaces.  
To prepare the microchannels, a bare silicon wafer was spin coated with Su-8 
2050 negative photoresist (Microchem) where the replicating mold for the PDMS 
microfluidic channels layouts were created through photolithographic procedures. The 
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Prior to conducting tests, the microchannel samples dimensions (Table 1) were 
measured through optical microscopy (M=40×, NA=0.60). Careful measurement of the 
actual microchannel dimensions are required21 since the friction analysis is quite sensitive 
to the channel geometry and dimensions.   
 
Table 1. Mean measured dimensions of the PDMS microchannel for each micro-trench 
configuration (N=5) and the uncertainty due to instrument and measurement errors. 
Measurements were taken at multiple locations along the extent of each microchannel 
sample. The land (a=15µm and a=55µm) represents the nominal distance between one 
edge to the other, and the baseline is the microchannel without any micro-trenches on the 
side walls.  
Trench Dimension 
(µm) 













Baseline 94.2 0.6 106.3 0.2 125.3 1.3 
a= 15, b= 65 c= 30 103.7 0.6 105.3 0.4 124.7 1.3 
a= 15, b= 65, c= 60 106.6 0.7 104.5 0.2 124.9 1.2 
a= 15, b= 65, c= 120 111.6 1.0 103.9 0.2 123.8 1.2 
a= 15, b= 65, c= 230 110.5 1.3 104.5 0.2 123.8 1.2 
a= 55, b= 65, c= 30 95.5 0.3 106.8 0.3 124.3 1.2 
a= 55, b= 65, c= 60 95.9 0.5 106.7 0.2 123.1 1.3 
a= 55, b= 65, c= 120 96.4 0.4 106.1 0.2 121.1 1.3 
a= 55, b= 65, c= 230 95.9 0.4 106.3 0.3 120.3 1.3 
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The water was supplied to the reservoir from a liquid pump submerged in a water 
chiller while a draining pipe in the reservoir controlled the height of the water column. In 
order to maintain the water temperature as constant as possible, the chiller is set at room 
temperature. By controlling the water column height, the differential pressure from the 
microchannel inlet to the outlet ranged from 800Pa to 6000Pa with an increment of 400Pa. 
The pressure drop was measured by connecting a differential pressure transducer (PX 409, 
Omega) to the tubes connecting the inlet and outlet of the microchannels. Since the 
differential pressure transducer was connected between the microchannel inlet and outlet 
ports, an extra procedure to estimate the losses between the two pressure taps have been 
performed, which is explained in the forthcoming sections. 
Also, it was observed that if the outlet pressure was lower than atmospheric 
conditions, the air pockets in the left and right trenches merged together, cutting off the 
flow. This is due to the hydrophobic characteristics of PDMS which tends to de-wet the 
surface, and along with the mildly vacuum condition at the outlet section, the air pockets 
will significantly expand into the water layer. In order to prevent this, the absolute 
pressure inside the microchannel was increased above atmospheric conditions by placing 
the water collection reservoir approximately 10cm above the PDMS microchannel exit. 
Consequently, the absolute pressure in the microchannel was expected to increase 
approximately 1000Pa throughout the microchannel.  
An example of the merging air layers if the microchannel experiences vacuum 
pressure conditions is shown in Fig. 10. The inlet of the microchannel is submerged in a 
water reservoir exposed to the atmosphere and the outlet is connected to a vacuum line 
with a negative differential pressure of 6000Pa. While this is an exaggerated case, results 
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will lead to a significant error in the pressure reading mainly because the internal pressure 
will change with the droplet curvature, where the relation can be expressed in terms of 
the Laplace pressure,  
 
 2
P    , (11)  
 
where   is the surface tension of the air-water interface and   is the radius of curvature 
assuming a spherical droplet shape. As long as the outlet tube is submerged in the water 
reservoir, the pressure variation due to the Laplace pressure will not be an issue. 
Since the water reservoir is exposed to the environment, the evaporation rate from 
the reservoir was accounted for each of the flow rate data, where the average evaporation 
rate was measured as 0.9μl/min. With the differential pressure and the flow rate data with 
the evaporation rate account for, the friction in the microchannel can be calculated. 
However, as indicated by Lauga and Stone,22 changes in viscosity is also considered 
since this may lead to errors when quantifying the hydrodynamic resistance in the 
microchannel flow. Since the water viscosity decreases between 2 and 3% even for a 
temperature increase of 1°C, monitoring the water temperature was necessary. Two 
thermocouples were embedded at the inlet and outlet tubes to measure the average water 
temperature, and the changes in viscosity were assessed for each experiment. The 
viscosity values based on the average temperature measurement for each experiment 




2.3.3 Uncertainty Analysis for fRe 
Since the fRe and the Re (= /hUD  ) involve multiple parameters, uncertainly 
analysis must be performed in order to ensure confidence to the data. The propagation of 
error for fRe is expressed as,  
 
 
2 222 2 2( ) ( ) 2 h
h
DfRe P A Q L
fRe P A D Q L
     

                                   
(12)  
 
where the parameters have been explained in Eq. (9). Note should be taken for the 
hydraulic diameter since 2 has been multiplied in order to account for the power relation, 




   .  Likewise, the propagation of error for Re is, 
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(13)  
 
It should be noted that the uncertainty mentioned above has two components: bias 




Tu B P   (14)  
where B is the bias uncertainty and P is the precision uncertainty. 
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The bias error in Eq. (14) is a systematic error which is inherent to the sample or 
equipment used in the experiments and is insensitive to the sample size. The uncertainty 
due to the bias error B can be evaluated based on equipment specifications and measured 
values of the microchannel dimensions (Table 2), where each bias error component can 
be implemented in Eq. (9) and (10). 
 
Table 2. Bias error evaluation for the friction reduction experiment, where the bias B is 








  ( ) 
( )A
A






fReB  ReB  
Bias error (%) 1.1 0.7 1.4 0.6-1.0* 0.9-1.3* 2.0-2.9 1.8-2.5
*The uncertainty range represents individual errors measured from microchannels with different 
micro-trench configurations (a=15μm, 55μm and c=30μm, 60μm 120μm, 230μm). 
 
Another approach to the bias uncertainty is to test the baseline microchannel with 
smooth walls and measure how much the experimental fRe deviates from the theoretical 
values.  From the residual error graph ( exp theofRe fRe  ), the bias error can be seen as 
the discrepancy between the average experimental value and the theoretical value, and 
the random error is the data scatter (Fig. 11). The bias error in this approach is estimated 
to be ~0.4%, which is significantly smaller than the errors indicated in Table 2. The error 
analysis performed throughout this experiment will be based on the bias error from the 





Figure 11. Plot of residual error vs. differential pressure. The y-axis value of each data 
point represents the deviation from the theoretical value. 
 
On the other hand, the precision error P in Eq. (14) is a random error which occurs 
during the repeating experiments and represents how reproducible the data is. Since 5~6 
experimental sets have been collected, the standard deviation of the mean is used to 
calculate the precision error. The precision error is then expressed as, 
 
 ,95%vP t N
     (95%) (15)  
 
where   is the standard deviation, N is the number of experimental sets performed, ,%vt  
is the Student t-distribution variable and ( 1)v N  . It should be noted that while  
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,95% ~ 2vt  for a large number of samples, the value may become larger for smaller 
samples. Since 5~6 experimental sets have been performed, the corresponding ,95%vt  
implemented in Eq.(12) is 2.571~2.7723. For fRe and Re, the standard deviation of the 
mean has been used to analyze the precision error instead of propagating the errors in 
individual measurements since this enables a direct observation of the scatter of the 
dimensionless variables24. 
 
2.3.4 Liquid-air Interface Visualization 
In addition to evaluating fRe and Re and the uncertainties involved, micrographs 
of the air-water interface location within the micro-trenches were taken throughout the 
microchannel extent (Fig. 12). The micrographs were acquired with an upright 
microscope (LV100D-U, Nikon) connected to a scientific Charge-Coupled Device (CCD) 
camera (CoolSnap HQ, Photometrics). Each image covered 3.5% of the entire 
microchannel length (18.5mm), and was taken at 12 marked locations with an even 
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trench gap and resided between the straight walls, the microchannel was considered as 
partially wetted. If the water flooded the micro-trenches and no air pockets were detected, 
the microtrenches were considered as fully wetted. Once the air-water interface invaded 
the trench, the penetrated distance was measured to evaluate the partial wetting effects on 
the microchannel friction. The air-water interface visualization data was also used to 
address the negative penetration associated with the trapped air bubbles invading into the 
main microchannel section. This flow pinching effect is an occurrence that would 
normally occur under lower inlet pressure conditions that would impact the measured 
friction as described later on. 
 
2.3.5 Numerical Simulation of Local Hydrodynamic Resistance 
Two numerical fRe bounds (COMSOL) are established by taking into accounting for 
the changes in cross-sectional flow area with location over the micro-trench gap section, 
and modeling the available air-water interface data as either 1) a solid wall or 2) a shear-
free layer (Fig. 13). To calculate the two numerical limits, information on the 
comprehensive total hydraulic resistance value (Rh = ΔP/Q) is required, which is a sum of 
the local resistances numerically solved for individual microtrenches with different 
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trench was said to be globally fully-developed. The individual resistances were then 
compiled and the total resistance for the entire microchannel was obtained for each Re. 
It should be noted that a no-slip boundary condition is assumed at the solid wall 
section between the micro-trenches despite recent findings that some finite slip occurs in 
hydrophobic walls.25-27 Since the slip length is in the nanometer scale, which is much 
smaller than the microchannel dimension, the slip effects on the solid wall can be 
neglected in this region despite the hydrophobic nature of PDMS.  
 
2.4  Results 
2.4.1 Friction vs. Reynolds Number 
In order to quantify and compare the partial wetting effects on the microchannel 
friction, the microchannel friction was acquired over a range of Reynolds number 
conditions. 
Fig. 14 represents the flow rate versus ∆P for different microchannel 
configurations, where the baseline experiment is the microchannel with flat side walls. In 
the figure, The flow rate of the microchannels with the smaller solid fraction 
( ( ) 0.19S a a b    ) increases with pressure at a higher rate than the ones with the 
larger solid fraction ( S =0.45). This result is not surprising as it is consistent with the 





Figure 14. Flow rate versus differential pressure for microchannels with (a) a= 55µm, b= 
65µm (blue and green online) and (b) a= 15µm, b= 65µm (yellow and red online) for c= 
30µm, 60µm, 120µm and 230µm. The baseline plot is for a microchannel with smooth 




The appropriate dimensionless parameter to compare frictional characteristics for 
laminar duct flow with different microtexture configurations is the fRe. To reiterate, the 





   (9)  
 
where A is the nominal cross-sectional area of the non-trenched (land) section, Dh is the 
nominal hydraulic diameter of the non-trenched section, and µ is the averaged fluid 
(water) viscosity. Since the actual ΔP is measured at the external tubes connected to the 
microchannel inlet and outlet, all the experimentally measured ΔP were adjusted by 
offsetting the numerically estimated ΔP (COMSOL) from the converging inlet and the 
diverging outlet sections. Based on the numerical results, the experimental values were 
reduced by approximately 8%, and by applying the offset value to Eq. (9), the fRe can be 
calculated based on the pressure drop in the micro-trenched section only.  
 As observed in the baseline data (Fig. 15) based on the adjusted ΔP, the equation 
agrees extremely well with the theoretical value line. It should be noted that Re is used as 
the x-axis to provide a physical understanding between dimensionless variables. The Re 
range varies with each microchannel configuration because the inlet pressure was 





Figure 15. Graph of fRe vs. Re for (a) a= 55µm and (b) a= 15µm, where the error bars 
represent the total uncertainty error for 5~6 experimental sets (Eq. (11)). The theoretical 
fRe value for the baseline is ~ 57.2.18 In the lower Re, fRe starts off at a larger value and 
then levels off approximately at Re ~ 10. The major and the minor losses from the 
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external tubing are neglected since the combined losses account for 0.2 – 0.3% of the 
major loss in the microchannel. 
 
 Several interesting features can be inferred from Fig. 15: 1) in Re < 10 the fRe drops 
drastically with increasing Re and 2) in 10 < Re < 24 the fRe becomes rather insensitive 
to Re. To understand the reasons behind these trends, the experimental data is compared 
with two bounding limits of the fRe obtained from numerical results. 
 
2.4.2 Comparison with Numerical Results of the Effective Friction 
As mentioned in Section 2.3.4, two numerical extremes of the fRe can be established 
by modeling the air-water interface as either 1) a solid wall or 2) a shear-free layer while 
taking into account the varying cross-sectional flow area in the micro-trench gap section. 
To calculate the two numerical limits, information on the comprehensive hydrodynamic 
resistance value ( h localR R ) is required, where localR  is the local hydrodynamic 
resistance of a single trench section.  
In order to numerically solve the localR , the effective flow width weff was measured by 
averaging the distance between the two air-water interfaces, where two pairs of trenches 
were selected over 12 equally spaced locations from the microchannel upstream to 
downstream. Since the gage pressure decreases as the water travels downstream, the 
reduction in pressure leads to the de-wetting of the micro-trench cavities, particularly 
near the microchannel outlet. For micro-trench cavities near the outlet, where the absolute 
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It has been a traditional practice in analytical models that the air-water layer is 
treated as a perfect shear-free layer, and the effective slip length is calculated by 
integrating the shear-free region and no-slip region.22, 28-29 The trenches are not actually 
assumed in these models, but rather modeled as ducts with patches of walls that either has 
no-slip or shear-free boundary condition. While this analogy is equivalent to the 
methodology employed to calculate the lower fRenumerical, shear-free frictional bound in Fig. 
16, the experimental data trends more closely to the upper fRenumerical, no-slip frictional 
bound, both in terms of frictional values and overall behavior with increasing Re.  
The two numerical bounding fRe limits are calculated by implementing the weff 
data and are compared with the experimental fRe value (trench dimensions of a= 15µm, 
b= 65µm and c= 60µm). As expected, the experimental data falls in between the two 
numerical limits (Fig. 17). However, more interestingly is that the experimental data 
trends more closely to the upper no-slip frictional bound, both in terms of fRe values and 
overall behavior with increasing Re. The fRe vs. Re graph behavior also suggests two 
major regions of interest – the lower Re region (2 – 10) where the fRe drops drastically 
with increasing Re, and the moderate Re region (10 – 25) where the fRe levels off and 
becomes insensitive to Re. These trends are consistent among all the different micro-






Figure 17. fRe vs Re graph for experimental and numerical results for a micro-trenched 
microchannel (a= 15µm, b= 65µm, c= 60µm). As expected, the experimental results are 
located between the two bounding numerical fRe limits. The standard deviation of the 
numerical results is plotted as dotted lines above and under the averaged values. Since 
different microchannels were used for each trial, their wetting characteristics varied 
slightly between samples leading to a maximum of 3% of the average value.  
 
2.4.3 Low Re - Pinching Effects  
In the lower Re region (<10), a large portion of the micro-trenches are de-wetted. 
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The pinching effects can also be inferred from Fig. 19, where the trend of the 
fReexperimental agrees closer to the fRenumerical,no-slip than the fRenumerical,shear-free. One reason 
why the trend of fRenumerical,shear-free is different from fReexperimental and fRenumerical,no-slip is 
because the viscous losses in this shear-free interface arrangement are primarily 
dominated by the water in contact with the non-textured surfaces at the top and bottom 
walls of the microchannel. Since there is no viscous dissipation at the left and right sides 
of the water layer in the micro-trench regions (where the air-water interface is located), 
the friction of the water layer will decrease if the microchannel is strongly de-wetted and 
water contact with the top/bottom walls is reduced. Unless the flow area is greatly 
reduced over de-wetted microtextures,30-31 the pinching effects mentioned here suggest 
that the air-water interface is closer to a no-slip boundary condition and that the 
microchannel friction is sensitive to even small reductions in the cross-sectional flow area 






Figure 19. (Fig. 16 revisited). Comparison of fReexperimental and the two bounding fReeffective 
limits (numerical) in the low Re region. The difference between the fReexperimental and the 
numerical fRenumerical,no-slip bounds are 7.4% – 8.3% if the air-water interface is assumed as 
a solid wall (upper bound) and 8.8% – 23.6% if the interface is assumed as a shear-free 
layer (lower bound).   
 
One possible explanation why the air-water interface behaves closer to a solid 
wall may be due to contamination of the air-water interface. Studies have shown that 
even slight contaminations of surfactants may result in a solid wall-like behavior of the 
air-water interface, and it has been an extremely difficult process to maintain the system 
with no contamination.32 Even with the use of distilled water, it is possible to incur 
interface contamination from the microchannel surface, external tubing and/or connectors. 
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Recalling Figure 15, the immobilized nature of the air-water interface may be the reason 
why the micro-trench configurations with similar solid fractions S  exhibit similar 
frictional characteristics regardless of the micro-trench depth. 
Consequently, the important parameter in controlling the air layer size is the 
Laplace pressure P    . If the air pressure overcomes the Laplace pressure, where the 
maximum required pressure is the trench gap size, the air layer will protrude into the 
water layer thus pinching the flow. While the role of Laplace pressure has been 
previously explored29, 31, it can be further deduced that having a large micro-trench gap 
does not necessarily favor over smaller micro-trench gaps, particularly due to the risk of 
lowering the maximum Laplace pressure and experiencing significant pinching effects 
even to a mild degree. Based on the aforementioned analogy, the Laplace pressure is an 
important design parameter not only to calculate the flooding pressure, but also to track 
the effective cross-sectional flow area for cases where the micro-trench gaps are 
considerably large. 
 
2.4.4 Moderate Re – Insensitivity between Friction and Re 
 An interesting aspect in the moderate Re region (10 – 25) is the fact that fRe becomes 
rather insensitive to Re and therefore insensitive to pressure and degree of micro-trench 
wetting/penetration. In order to understand the significance of this phenomenon, the 
wetting characteristics of the micro-trenches are explored first (Fig. 20). In the figure, the 
wetting of the trenches generally start at 1200Pa inlet pressure, which corresponds to Re= 
4.3 – 4.6 for a= 15µm trenches and Re= 3.6 – 3.9 for a= 55µm trenches. Since the inlet 
pressures are well above the capillary pressure in the moderate Re region, majority of the 
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micro-trenches are wetted in this region. However, the global wetting degree of each 
micro-trench configurations does not significantly affect the microchannel friction.  
 
 
Figure 20. Fraction of trenches penetrated vs. Re for a single microchannel sample (left 
side of the trenches only). In the higher Re (or ΔP) range, the wetting of the trenches no 
longer increases significantly. The wetting percentage does not necessarily infer that the 
trenches are fully wetted but can also be partially wetted: it merely indicates the 
percentage of trenches where the liquid layer has overcome the Laplace pressure. 
 
This insensitiveness of the microchannel friction to wetting effects is further 
analyzed by tracking the magnitude of the water penetration into the micro-trenches. In 
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Fig. 21, the shallowest micro-trench configuration (a= 15µm) demonstrates a binary 
behavior when transitioning from a non-wetting state to a fully-wetting state. As the 
micro-trench depth increases, the transition becomes progressively smoother. 
Nonetheless, the wetting behaviors of different micro-trench configurations do not seem 




Figure 21. Penetration of water layer into the trenches (%) as a function of inlet pressure 
and location in the microchannel for a= 15μm configurations (left side of the trenches for 
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a single experiment). The micro-trench depth c varies from (a) 30μm, (b) 60μm, (c) 
120μm to (d) 230μm. In the Penetration depth (%) axis, 0% represents a de-wetted state 
while 100% represents a fully wetted state of the micro-trench. Comparing between 
different micro-trench depths, the shallower trenches have a greater number of fully 
wetted trenches than the deeper ones. The trend for a= 55μm is similar to the data 
presented here.  
In Fig. 22, the fReexperimental is compared with the numerical friction bounds for a= 
15μm, c= 60μm trenched microchannel. Unlike in the lower Re region, the upper and 
lower bounds converge close to the experimental data as the Re increases. This is 
expected because both fRenumerical bounds reflect the actual weff data, where a large 
fraction of micro-trenches is fully wetted (corresponding to the upper flat surface in Fig. 
21) while the number of de-wetted micro-trenches is greatly reduced in the moderate Re 
region.  
One possible explanation for the insensitiveness of the microchannel friction to 
Re is the limitation on how much the streamlines can bend into the penetrated trenches 
since the flow is Re>1. Unless Re<<1, the effective width is not likely to increase with 
pressure once the air-water interface penetrates beyond a certain distance into the 
trenches. The limitation on how much the streamline can deflect into the micro-trenches 




Figure 22. (Fig. 16 revisited). Comparison of fReexperimental and the numerical fRenumerical, 
no-slip limit in the moderate Re region. In this Re region the friction of the microchannel is 
essentially constant. Considering the fact that a significant amount of trenches are wetted 
beyond these Re ranges, the degree of the trenches do not seem to affect the microchannel 
friction. 
 
The fully wetted case was selected since it will provide the maximum possible 
deflection of the streamlines into the trenches, at least for the geometries tested in this 
experiment. In Fig. 23, the magnitude of the deflection decreases with increasing Re, 
since the separated flow is able to carry more energy towards the other end of the trench. 
The average deflection of the streamline was calculated to be 10 – 14µm into the micro-
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Figure 24. Numerical results on pathlines or streamlines of flow under (a) Re 2 and (b) 
Re 23. It can be observed that the streamline deflects more into the micro-trenches if 
the Re is lower. 
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 While the results in the lower and moderate Re region point out interesting aspects of 
partial penetration effects on the microchannel friction, attention should be paid to the 
fact that the microtexture geometry used in this experiment is not ideally the most 
efficient design to achieve friction reduction (the micro-trenches are aligned transverse to 
the flow and the air-water interface is constrained by the finite gap size). However, it 
does provide intuition that the air-water interface in the micro-trenches may not be 
simply regarded as a shear-free layer and that the frictional characteristics may actually 
be unaffected by the wetting degree of the micro-trenches. 
 
2.4.5 Comparison between fully wetted and initially de-wetted case 
In order to further explore and validate the fRe behavior, the fRe was compared 
for microchannels with initially de-wetted micro-trenches and pre-wetted micro-trenches. 
For the pre-wetted micro-trench case, the microchannel was pressurized at ~12kPa until 
all the micro-trenches were fully wet. Once the micro-trenches were confirmed to be fully 
wetted, the experiments were performed from Re= 2.9 to Re= 22.1 corresponding to  ΔP= 




Figure 25. Comparison of friction in a microchannel between Cassie-Baxter state and 
Wenzel state (a= 15µm, b= 65µm, c= 60µm). For the numerical fRe calculations, a 
rectangular cross-sectional area is assumed since the error in fRe due to the difference 
between the trapezoidal microchannel geometry (measured) and the rectangular cross-
section is < 0.5%. 
 
Figure 25 compares the fRe values for microchannels which are initially under 
the Cassie-Baxter state (de-wetted micro-trenches), and microchannels under the Wenzel 
state (pre-wetted micro-trenches), alongside numerical simulations results for the latter. 
The fRe for the fully-wetted microchannels are generally less sensitive to Re, both 
experimentally and numerically, whereas the initially de-wetted microchannels started at 
a considerably high fRe value but then converge closely to the fully wetted micro-
trenches values as the interface penetration became substantial at Re> 7. This suggests 
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that for Re < 7, the majority of the micro-trenches are de-wetted, and the pinching effects 
result in a considerably higher friction than the fully wetted microchannels. As mentioned 
in Section 2.4.2, surfactant contamination may immobilize the air-water interface leading 
to an increased friction at the air-water interface as a significant number of de-wetted 
micro-trenches are pinching at Re <7. For the fully wetted micro-trenches, on the other 
hand, the water molecules may freely bend into the micro-trench gaps, thus increasing the 
effective flow area. This increase in effective flow area leads to a larger friction reduction 
effect than the water flow over the immobile air-water interface. Regardless of the 
wetting mode, it should be noted that a substantial friction reduction is achieved for both 
wetting and de-wetting micro-trenches compared to the baseline microchannel with no 
micro features. 
 
2.5  Conclusion 
 In this chapter, the friction reduction characteristics of the microtextured 
superhydrophobic surfaces have been extensively studied. Studies of flow over the 
Cassie-Baxter state was prevalently assumed as a shear-free region. In order to properly 
assess the effects of flow over isolated air pockets, friction was characterized from a de-
wetted to fully wetted superhydrophobic microchannels. Micrographs of the air-water 
interface location were taken for each inlet pressure settings and the corresponding flow 
rates were measured, where the experiments were performed between Re= 2 – 25. The 
frictional characteristics of different wetting criterion were compared with numerical 
simulation of the upper and lower fRenumerical bounds, where the upper bound is solved by 
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assuming a no-slip boundary condition at the air-water interface and the lower bound is 
solved by assuming a shear-free boundary condition at the interface.  
In the lower Re region (2 – 10), the fRe of the de-wetted microchannels increased 
significantly with decreasing Re. Although conventionally the air-water interface was 
approximated as a shear-free boundary condition, experiments and comparison with 
numerical results showed that the fReexperimental of the air-water interface behaved much 
closer to the fRenumerical,no-slip, both in terms of magnitude and trend. The reason for this 
behavior may be attributed to a number of reasons: 1) immobilization of the air-water 
interface if there is contamination due to particulates or surfactants, and/or 2) pinning of 
the water molecules at the interface along with the small micro-trench gap size. Thus, if 
the Re was low enough (hence small ΔP) and the micro-trenches were sufficiently de-
wetting, the microchannel friction was increased due to the air pockets pinching the main 
water flow section.  
In the moderate Re region (10 – 25), the frictional characteristics of the 
microtextured microchannels became rather insensitive to how much the air-water 
interface was penetrating into the micro-trenches. Comparison with numerical results 
suggests that this insensitiveness is due to the limitation on how much the streamlines can 
bend into the micro-trenches. This agrees well with the penetration measurements that 
most of the micro-trenches are at least partially wetting for Re> 10. Since under these 
conditions, the streamlines deflect only by a small distance into the wetting micro-
trenches throughout the entire microchannel, the effective flow area becomes constant 




The above two results were further compared with the Wenzel mode 
microchannels, where the micro-trenches were pre-wetted and no air pockets were 
present. Results showed that for Re >7 the friction of the initially de-wetted micro-
trenches and the fully wetted micro-trenches converged together. However, for Re <7, the 
fully wetted micro-trenches clearly demonstrated a lower hydrodynamic resistance than 
the initially de-wetted micro-trenches. While the initially de-wetted micro-trenches 
experience pinching effects in the low Re, the streamlines in  the fully wetted micro-
trenches can freely bend (although by a finite distance) into the gaps, thus resulting in an 
increased effective flow area. This suggests that the microchannel under the Wenzel state 
may be more efficient in achieving friction reduction than the ones under the Cassie-
Baxter state.  
 
2.6  Achievements 
 Journal paper - “Pressure and Partial Wetting Effects on Superhydrophobic 
Friction Reduction in Microchannel Flow”, Kim, T.J., and Hidrovo, C. H., 
Physics of Fluids, Vol. 24, 2012 
 Refereed conference proceeding - “Superhydrophobic Friction Reduction 
Microtextured Surfaces”, Kim, T. J. and Hidrovo, C. H., 2nd ASME 
Micro/Nanoscale Heat & Mass Transfer International Conference, Shanghai, 





MAINTAINING STABILITY OF SUPERHYDROPHOBIC 
MICROCHANNEL WALLS THROUGH HEATING 
3.1  Introduction 
 In the previous chapter, the relation of the microchannel friction between 
superhydrophobic microchannel and the baseline microchannel (smooth wall) has been 
investigated based on the hydrodynamic resistance measurements and simulation results. 
Comparison of the microchannel friction between experimental results and numerical 
results suggested that the air-water interface in the superhydrophobic microchannel 
behaves closer to a no-slip boundary condition. When the pressure drop is low enough 
the air pockets protrude into the microchannel, thus pinching the flow and increasing the 
effective hydrodynamic resistance. In this section, the magnitude of the pinching is 
controlled by heating the microchannel, and the corresponding flow rate is tracked by 
taking micrographs of the micro-textured regions.  
 While studies have been previously performed to observe friction and drag reduction 
over superhydrophobic surfaces,1, 8 there is very little work aimed at correlating the 
pressure and thermal effects on the stability and characteristics of this condition. A few 
researchers have studied the pressure effects on the Cassie-Baxter State, concluding that 
textured surfaces with isolated gaps result in a lower contact angle hysteresis 33. However, 
studies on thermal effects to the trapped gas layer and correlating them to 
superhydrophobic channel flows have not been as rigorously conducted.  
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In this section, PDMS (Polydimethylsiloxane) microchannels were fabricated using 
soft lithography techniques. The roughness of the microchannel wall was large enough to 
induce the Cassie-Baxter state, where the water layer rested on top of a textured surface 
with air pockets trapped underneath the liquid layer. Flow rates were measured by 
varying the average temperature taken at the microchannel inlet and outlet. Similar to 
Chapter 2, results showed that the air pockets in the micro-texture started to flood as the 
inlet pressure was increased. However, as the microfluidic channel was heated, the air in 
the micro-gaps expanded and the penetrating water layer was pushed back to its original 
state. Consequently, the air gaps can withstand higher liquid pressure, thus prolonging the 
two phase flow in the microfluidic channel. The results observed in this section indicate 
that heating the cavities will provide more stability to the Cassie-Baxter state and 
maintain the partial two-phase flow under elevated pressures. 
 
3.2  Background 
3.2.1 Cassie-Baxter Model 
 This chapter focuses primarily on maintaining the air pockets under elevated 
pressures in a Poiseuille flow with rough walls. Thus achieving a stable Cassie-Baxter 
state is of major interest as this ensures a partial two phase flow and consequently leads 
to friction reduction in the microchannel flow. To reiterate the Cassie state, it is defined 
as a state where a liquid meniscus resting on top of a textured surface does not wet the 
gaps beneath the liquid interface. As a result the liquid resting on top of the textured 
surface will experience a reduction in friction since a portion of the contact surface 
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underneath is consisted of gas. As mentioned in Chapter 2, the conventionally used 
Cassie-Baxter model34 is, 
 
cos cos (1 )CB s Y s       (7)  
 
where θCB is the Cassie-Baxter angle, θY is the Young’s contact angle, and s  is the 
ratio of solid contact area to the nominal area.  Also, in order to ensure the stability of the 
Cassie-Baxter  state, the roughness of the surface texture must be larger than the critical 








   (16)  
 
where rc is the critical roughness factor. A roughness factor lower than rc will result 
in a stable Wenzel state where there are full interstitial wetting of the microtextured 
surface, or a metastable Cassie-Baxter state where the liquid initially under the Cassie-
Baxter state but may transition to Wenzel state if disturbance is applied.  On the other 
hand, a roughness factor higher than rc will likely to lead to a stable Cassie state. As will 
be mentioned in the later section, tests were performed on micro-textured microfluidic 






3.3  Experimental Setup 
3.3.1 Fabrication of Microchannels 
To prepare the microchannels, a bare silicon wafer was spin coated with Su-8 
2050 negative photoresist (Microchem) where the replicating mold for the PDMS 
microfluidic channels layouts were created through photolithographic procedures. The 
wafer was then silanized (UCT specialties, LLC) for at least an hour in a vacuum 
desiccator to fluorinate the Su-8 replicating mold. This procedure will prevent the cured 
PDMS from prematurely bonding and damaging the Su-8 mold. A PDMS base and 
solvent (Dow Corning) mixture, with a volume ratio of 10:1, was poured onto the mold 
and cured at 95°C for 2 hours. The cured PDMS with microfeatures was then peeled off 
the mold and sliced into individual slabs. A complimentary set of PDMS slabs without 
microfeatures were fabricated and bonded to the featured PDMS slabs using an oxygen 
plasma cleaner (Harrick Plasma) at 29 Watts for 20 seconds.  
 The channel dimension for the baseline channel with no surface textures is W= 
100µm, H= 110µm, L= 2cm. For the micro-textured microchannels, the liquid flow 
channel dimension is identical to the baseline channel while an array of micro-trenches 
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 The temperature was measured by embedding two T-type thermocouples at the 
microchannel inlet and outlet. Under a fixed pressure head, the air-water interface was 
initially observed under room temperature conditions, where a CCD camera (Coolsnap, 
Photometric) was used to acquire the microchannel images. The temperature of the 
bottom substrate was then increased from 26°C to 32°C, with increments of 1°C. 
Measurements were performed with a microscope after the substrate temperature reached 
equilibrium. 
 
3.4  Results 
3.4.1 Flow Pinching Due to Heating 
 Water was driven in the microchannel by controlling the height of the water level in 
the constant pressure head column connected to the microchannel inlet. Depending on the 
inlet pressure, the pressure will either be in a Cassie-Baxter state with the air pockets 
intact or transition to the Wenzel state if the pressure overcomes the Laplace pressure in 
the micro-trench. Since the maximum pressure required to prevent penetration into the 
micro-trenches is calculated to be 1000Pa, the inlet pressures were large enough (2500Pa, 








 4500Pa at 
r the inlet. 









 with a 5x o
annel unde










 However, as soon as heat was applied to the microchannel, changes in the air pockets 
were immediately noticeable. When the substrate temperature was at 28°C, the curvature 
of the penetrating air-water interface was convex (curved outwards), indicating that the 
liquid pressure was greater than the pressure of the air pockets. As the substrate 
temperature was increased to 30°C (Fig. 29), the curvature gradually flattened out, 
indicating that the liquid pressure and the heated air pocket pressure have balanced out. 
However, as the temperature was further increased to 32°C, the curvature was reversed to 
a concave profile (interface curved inwards towards the main water channel). Once the 
curvature was reversed, it became apparent that the air pocket pressure was significantly 
increased as the air-water interface started to retract back to its original position.  
  In the inlet, where the pressure is higher and the water penetration more apparent, 
it was observed that the air-water interface in the wetting micro-trenches were reverted 
back to the de-wetted case under elevated temperatures. However, in the outlet, where the 
pressure is closer to atmospheric conditions and the air pockets remained de-wetted, the 
heating of the micro-trenches led the air pockets to grow from the de-wetted state. The air 
pockets near the outlet started to invade into the main water channel, significantly 
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the air pockets are fully wetted and -100% represents that the water layer is completely 
cut off due to excessive pinching.  
 
 In the figure, the inlet pressure is 3200Pa, which is approximately 2200Pa higher than 
the Laplace pressure. In this experiment, all of the micro-trenches along the microchannel 
were experience some degree of wetting at 28°C, where approximately 60% of the micro-
trenches were fully wetted. As the temperature was increased to 30°C, a shift in the 
penetration depth can be observed due to the expansion of air pockets, where 
approximately 10% of the microchannel showed that the liquid layer retracted back to the 
non-penetrating state. When the temperature was further increased to 32°C, the remainder 
of the air pockets transitioned to a fully non-wetted state. However, the air pockets 
continued to grow and eventually invaded the main water layer, and the flow was 
significantly pinched. While the air pockets are controllable with temperature, it is to be 
noted that the fully wetted cavities throughout 60% of the channel remain fully wetted. 
 
3.4.2 Pinching Effects and the Consequential Reduction in Flow Rate 
 Once the temperature inside the microchannel was greater than a certain threshold, 
the air pockets in the cavities continued to grow and the liquid flow started to experience 
significant pinching effects. Since pinching effects represent a reduction in the flow 
cross-sectional area, this is analogous to a closing valve. The pinching effects are more 
severe if the inlet pressure is lower, since even a slight increase in temperature resulted in 
a large reduction in flow rate until the flow was disrupted. For higher inlet pressures, the 
pressure of the water layer was able to balance the heated air pressure, and the flow rate 
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maintained at higher temperatures. However, once the temperature reached beyond a 
certain threshold, the air pockets started to grow again until a drastic drop in flow rate 
was observed.  
 The effects of pinching on the hydrodynamic resistance can be observed from the 
flow rate measurements. Figure 32 compares the flow rate vs. temperature between a 
smooth microchannel wall (baseline) and a micro-textured microchannel. As seen in Fig. 
32(a), the flow rate of the baseline increases with temperature due to the reduction in the 
water viscosity. This is also true for the microchanel with micro-trenches in Fig. 32(b). 
Additionally, the flow rates of the micro-trenched microchannels are generally higher 
than the baseline microchannels under the same inlet pressure conditions, indicating a 
reduced friction from the air-pockets. However, the micro-trenched microchannels were 
very sensitive to the changes in temperature, particularly for the lower inlet pressure case 
where the air pockets expanded even under a slight increase in temperature. It was 
observed that the liquid flow was disrupted at a substrate temperature of 28°C. At higher 
inlet pressures, the flow rate became less sensitive to temperature, and the flow rate for 
all temperature converged to a similar slope.  
 The above results indicate that increasing the temperature of the microchannels and 
the air pockets was not always beneficial to the flow. Excessive heating did not reduce 
the friction in the channel but in fact, was detrimental to the flow. Thus, caution should 
be taken since excessive heating may pinch the flow and consequently increase the 









3.4.3 Additional Stability Issues during Initial Wetting of the Microchannel 
 A separate experiment has been performed to study the stability of the air pockets 
during the initial wetting phase. In this section, micro-trenches with different trench 
dimensions, and hence different roughness factors, are used to study the stability of the 
air pockets during the initial microchannel wetting phase. While introducing water into 
the microchannel, it was observed that shallower micro-trenches had a higher tendency to 
prematurely wet the micro-trenches.  
 One possibility for this premature wetting may be addressed to the stability criterion 
of the Cassie-Baxter state mentioned in Section 3.2.1. According to Eq. (16), three 
possible regimes are suggested - the Wenzel regime, the stable Cassie-Baxter regime, and 
the metastable Cassie-Baxter regime. If the actual roughness factor 1 2 ( )r c a b    is 
greater than the critical roughness factor rc, the liquid will be in the energetically stable 
Cassie-Baxter regime.   
 A number of different micro-trench configurations were tested and is listed in Table 3. 
The table also lists the corresponding critical roughness factor, solid fraction (assuming a 
flat air-water interface shape underneath the water layer) and the actual effective 
roughness factor. In the table, it can be seen that the microchannels with micro-trench 
dimensions of a= 15m, c= 30m and a= 55m, c= 30m have a considerably lower 
actual roughness factor than the critical roughness factor. It is likely that these two 
configurations will experience stability issues during the initial wetting phase, which is 
similar to imposing disturbances as the water jumps from one micro-trench to another 




Table 3. Comparison of the S , rc, and ractual for different micro-trench configurations. 
When calculating the rc, the contact angle is assumed to be between Y = 110° and 115°36. 
The range in contact angle is attributed by the fact that pristine condition microchannels 
were used rather than microchannels treated with silanized walls. 
Trench Dimension  
S  rc ractual 
a= 15µm, c= 30µm 0.19 2.1 – 2.6 1.66 
a= 15µm, c= 60µm  0.19 2.1 – 2.6 2.45 
a= 15µm, c= 120µm  0.19 2.1 – 2.6 3.92 
a= 15µm, c= 230µm  0.19 2.1 – 2.6 6.94 
a= 55µm, c= 30µm  0.45 1.8 – 2.1 1.45 
a= 55µm, c= 60µm  0.45 1.8 – 2.1 1.98 
a= 55µm, c= 120µm  0.45 1.8 – 2.1 2.98 
a= 55µm, c= 230µm  0.45 1.8 – 2.1 4.99 
 
For micro-trench depths of c= 60μm, 120μm and 230μm micro-trench depth 
channels, ractual > rc. As explained in Equation 13, these micro-trench configurations are 
likely to be in the energetically stable Cassie-Baxter state. However, for both a= 15µm, 
c= 30µm and a= 55µm, c= 30µm micro-trenches, ractual < rc. This indicates that two of 
the shallowest micro-trench configurations are in likely to be in a metastable Cassie-
Baxter state and will transition to Wenzel state if a disturbance is applied. Table 4 
represents the number of premature wetted trenches normalized by the total number of 
trenches. Since only a= 15µm, c= 30µm and a= 55µm, c= 30µm micro-trench 
configurations had micro-trenches flooded with water during the initial wetting phase, the 
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premature wetting ratio was omitted for the other micro-trench configurations. Moreover, 
the a= 15µm, c= 30µm micro-trench configuration with the lowest ractual had the largest 
ratio of prematurely wetted micro-trenches. 
 
Table 4. The ratio of prematurely wetted trenches to the total number of trenches for 
both left and right side trenches combined.  
Trench Dimension (µm) 
Land × gap × depth  
Premature wetting ratio of individual trials (%) 
a= 15μm, b= 65μm, c= 30μm 15 46 36 10 22 
a= 55μm, b= 65μm, c= 30μm 0 2 2 0 2 
 
 Since premature wetting should be prevented, the results suggest that the micro-
trench dimension should be designed so that ractual > rc when designing superhydrophobic 
microchannels. However, Eq. (16) neglects any pressure effect, and the actual critical 
roughness is likely to be different. However, the relation studied here will provide a first 
degree approximation of the stability of the air-water interface and design parameter 




3.5  Conclusion 
 In this chapter we studied the heating effects of the air pockets trapped between the 
roughness elements in a microchannel flow, where the roughness elements on the side 
walls were shaped as micro-trenches.  
 A constant pressure source was used to flow water into the microfluidic channel and 
the flow rate was measured using a flow meter. While the flow rate of the microchannels 
with smooth walls increased with temperature due to the reduction in the viscosity, the 
flow rate of microchannels with micro-trenches were greater in magnitude since the water 
was experiencing slip at the wall. Moreover, the liquid-air interface in the heated 
channels was able to withstand higher pressure ranges than the unheated channels.  
 The penetrated liquid layer was pushed back by the expanding air pockets as the 
temperature was further increased, and a stable Cassie-Baxter state was achieved. 
However, if the temperature was increased to the point that the pressure difference 
between the air and the water layer was too great, the air pockets started invading the 
main water flow section until the flow was disrupted. While this chapter focused on 
understanding the heating effects on the microchannel hydrodynamic resistance, the next 
goal is to measure the convective heat transfer coefficient for flow in a superhydrophobic 
microchannel. 
 The next chapter will focus on developing methods to heat the side walls in which the 
surface is superhydrophobic and to measure the convective heat transfer rate through 
minimally invasive temperature means. 
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 Refereed conference proceeding - “Thermo-Wetting and Friction Reduction 
Characterization of Microtextured Superhydrophobic Surfaces”, Kim, T. J., 
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Conference, Honolulu, HI, March 13-17, 2011. 
 Refereed conference proceeding - “Stability Analysis of Cassie-Baxter State 
under Pressure Driven Flow”, Kim, T. J. and Hidrovo, C. H., 8th ASME 
International Conference on Nanochannels, Microchannels, and Minichannels, 






CORRELATION OF HEAT TRANSFER AND FRICTION 
REDUCTION IN SUPERHYDROPHOBIC FLOWS 
4.1  Introduction 
 In the previous chapters, the behavior of flow over the air-water interface in partially 
wetting microtextures has been studied. In Chapter 2, the air-water interface was 
observed to behave close to a no-slip boundary condition by comparing the friction factor 
between the experimental results and numerical results. Although the textured 
microchannels experienced a reduction in friction compared to the microchannels with 
smooth walls, comparison with numerical results suggested that both the magnitude and 
the trend of the friction reduction followed close to a no-slip boundary condition case. 
The results suggested that flow over an isolated texture with air pockets may not 
necessarily be the best way to achieve friction, as suggested in the same chapter that fully 
wetted microtextures resulted in a greater friction reduction effects. In Chapter 3, joule 
heaters were placed underneath the microchannels in order to study the stability of the 
Cassie-Baxter state under heated conditions. While results showed that the air pockets 
can withstand higher absolute pressures with enough heating, excessive heating was 
demonstrated to be detrimental to the water flow since the air pocket size expanded into 
the main water flow section. 
 The next step of this research would be to study the convective heat transfer effects as 
the micro-trenched microchannels are heated. As with the previous chapters, the 
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microtextures are designed as transverse grooves on the side walls of the microchannels 
in order to understand the slip behavior of the air-water layer under various conditions. 
Despite the vast literature on friction and drag reduction from superhydrophobic surfaces, 
there is very little work aimed at correlating the pressure and thermal effects on the 
stability and characteristics of this condition. While studies have shown the dependence 
of the overall convective heat transfer rate on slip length 37-39, experimental studies of the 
convective heat transfer rate over microtextured surfaces under heated wall conditions 
have not been conducted.  
 In this chapter, we explore methods to directly heat the side walls where the 
microtexture are positioned in the microchannels and effectively study the temperature 
drop within the microchannel through non-intrusive means. Application of heat transfer 
in the microscale and fabricating microheaters has received significant attention due to its 
high heat flux capability40 and lab-on-a-chip applications. In order to locally heat the 
regions of interest in the microchannels, various methods were explored to integrate the 
heating elements and the microchannels. Traditionally, conductive materials were 
deposited and patterned on the substrate bottom and microchannels were placed on top of 
the heaters. 41 Since patterning the heating element involves multiple fabrication steps, 
other methods have been sought to simplify the embedding process. Such methods 
include direct installation of joule heaters into PDMS (Poly-dimethylsiloxane) 
microchips,42 injection of conductive,43 and filling of liquid metals in passages near the 
microchannels.44 Siegel et. al45 suggested the term ‘microsolidics’ and fabricated a 3-
dimentional heating structure wrapped around the liquid microchannel by introducing 
molten metal into PDMS structures and curing them. In this chapter, we use a low 
melting temperature alloy to fill the void close to the liquid microchannel and use it as a 
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microheater that directly heats the side walls of the liquid microchannel. To our 
knowledge, we are the first to use low melting temperature alloys to fabricate a 
microheater which can heat the side walls of a PDMS microchannel and characterize the 
heat removal rate using laser induced fluorescence (LIF). 
 In order to measure the temperature increase in the heated sections, a minimally-
intrusive method, namely the dual fluorescence thermometry (DFT) was employed. The 
DFT method uses two temperature sensitive fluorescence dyes, and the intensity ratio 
was measured under different heating conditions. With this technique, the efficiency of 
the microheater embedded close to the microchannel was investigated, where results 
show that the losses to the environment are significantly large. While the results 
demonstrate a low efficiency in the heat removal rate, changing a few parameters, such as 
increasing the mass flow rate or fabricating taller microheater sizes, increased the 
efficiency above 50%.  
 
4.2  Background 
4.2.1 Temperature Measurement Errors using Thermocouples 
 In order to measure the convective heat transfer in superhydrophobic microchannels, 
an accurate measurement of the temperature difference is imperative. Two hypodermic 
thermocouples (HYP0, Omega) were embedded directly into the microchannel. However, 
depending on the location where the thermocouple was embedded, the temperature 
readings were drastically different. As can be observed in Fig. 32, the difference between 
the temperature measurements from the thermocouple embedded near the outlet (location 
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 In order to avoid the issues stated above, a laser induced fluorescence technique was 
used to measure the fluid temperature. Dual fluorescence thermometry (DFT), in 
particular, is known to be a minimally intrusive method, as it only requires the 
fluorophores to be mixed with the working fluid with concentrations in the order of 
510  moles/liter. The following sections explain the principles of the DFT method. 
 
 4.2.1 Energy State of Fluorophores 
 Fluorescence is a light emission by a fluorophore, a chemical compound that can emit 
light if excited by a photon. As a photon is absorbed by the fluorophore, the fluorophore 
is excited both electronically and vibrationally (Fig. 34). The maximum energy state of 
the excited fluorophore is then relaxed vabrationally and drops to the second highest 
energy state. The energy retained by the fluorophore is then released through radiation 
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Figure 35. Example of Stokes’ Shift for Sulforhodamine 101 (all the spectrum plots 
hereby presented are referenced from Invitrogen’s SpectraViewer). 
 
4.2.2 Optical thickness 
 In order to quantify the intensity of the fluorescence emission, a number of principles 
should be considered. The first is the Beer-Lamberts Law which defines the excitation 






   (17)  
 
where 0I  is the excitation intensity incident on the solution surface,   is the absorption 
(extinction) coefficient, c  is the molar concentration of the fluorophore, x  is the distance 
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from the solution surface. Eq. (17) depicts that a light traveling through a medium will 
decay exponentially as a function of  , c  and x . A simple method to confirm this is to 
point a laser pointer at a fluorophore solution sensitive to the laser point wavelength. 
Differentiating Eq. (17) yields, 
 
0
cx cxexdI ce dx xe dc
I
       (18)  
 
 Since the absorptivity is generally affected by the excitation wavelength and the pH 
of the solution, it is considered as a fixed parameter. Therefore, concentration c  and the 
distance x  are the two main terms that can be used as a variable. Depending on the 
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where Eq. (19) sets the solution thickness as the dimensionless variable with 
1'x
C   





 The second parameter to quantify the fluorophore emission is the quantum efficiency. 
For a small differential element of the fluorophore, the Quantum efficiency   is the ratio 






   (21)  
 
where emI  is the emission intensity. Substituting either Eq. (19) or (20) into Eq. (21), and 





















 . If the dimensionless solution thickness or the dimensionless 
concentration is small, the normalized intensity will behave linearly with increasing 
thickness or concentration and Eqs. (22) and (23) is simplified to,  
 
*
0 0emI I x I ct   (24)  
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This method uses temperature sensitive fluorophores where the emission intensity 
changes with temperature variation. While FT requires addition of fluorophores into the 
working fluid, it is advantageous relative to using thermocouples since it negates the 
issue of physically disturbing the fluid flow or causing errors due to discrepancy in the 
location the thermocouples are embedded in the microchannel. However, single 
fluorophore FT must account for all the parameters indicated in Eq. (24) or (25), despite 
the simplified relation of optically thin systems. In order to further simplify the 
application of FT in actual experiments, two temperature sensitive fluorophores can be 
used to track the temperature changes in a fluid flow, namely the dual fluorescence 
thermometry (DFT). 
 
,1 0 1 1 1( , )emI I t C pH    (26)  
,2 0 2 2 2 ( , )emI I t C pH    (27)  
 
where the subscript 1 and 2 denote the two different fluorophores. The important catch is 
to take the ratio of the two emission intensities, where the equation becomes,  
 
,1 0 1 1 1 1 1 1
,2 0 2 2 2 2 2 2
( , ) ( , )
( , ) ( , )
em
em
I I t C pH C pH
I I t C pH C pH
   
   
     (28)  
 
 As can be seen in the equation, the intensity of the exciting light and the thickness of 
the microchannel are now neglected. Since the concentration of the two fluorophores are 
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4.2.4 Sources of error – spectral conflicts 
 There may be errors associated when performing the DFT, particularly due to 
overlapping of emission or absorption bands between the two fluorophores. Coppeta and 
Rogers47 suggested three different types of possible errors due to the spectral conflicts: 
 Type 1 – Type 1 is the most distinguishable spectral conflict, where the two 
emission bands overlap each other (Fig. 38). This will give incorrect intensity 
measurements since both intensities are being collected to the CCD detector. 
This spectral conflict is easily resolved by selecting a separate short pass and 
long pass emission filter. 
 
 
Figure 38. Type 1 spectral conflict between Fluorescein and Sulforhodamine 101. This 
error can be resolved by selecting different emission filters which is depicted as shaded 
rectangles. *The actual fluorophores used in the experiment are Fluorescein and Sulforhodamine B. 
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However, due to availability of the spectral information in Invitrogen’s SpectraViewer, Sulforhodamine 
101 was selected as a demonstration purpose in describing the spectral errors. 
 
 Type 2 – Type to error occurs when the emission of dye 1 is reduced due to the 
absorption from dye 2 (Fig. 39).  
 
 
Figure 39. Graphical representation of the Type 2 error. The location where the emission 
overlaps with the absorption spectrum will result in the reduction of emission of dye 1. 
 
Since the emission from dye 1 is reduced, Eq. (28) is modified to, 
 
2 2
,1 1 1 1














  As long as the path length and the pH are kept constant, Eq. (29) can be properly 
characterized. However, the error can also be minimized if the concentration of dye 2 or 
the path length of the medium is reduced. 
 
 Type 3 – Type 3 error is the most severe of the three spectral conflicts. Unlike 
the Type 2 error, Type 3 error alters the absorption band when absorbing the 
emission from dye 1. In this case, the only method to prevent the error is to select 
a different type of fluorophore. 
 
 
Figure 40. Type 3 spectral error. As seen in the absorption spectrum of dye 2, the 





4.3  Experimental Setup 
4.3.1 PDMS microchannel fabrication 
 Su-8 molds were fabricated with Su-8 2075 (Microchem) photoresists using 
photolithrographic procedures. On the silicon wafer, a positive replicas of the liquid 
microchannel with dimensions of W= 50μm, H= 100μm, L= 20mm and W= 100μm, H= 
100μm, L= 20mm were fabricated. Two pressure ports were designed in the 
microchannel near the inlet and outlet to measure the pressure drop of the fluid. In the 
joule heater section, two extra microchannels with cross-sectional area of w= 40μm, H= 
100μm were located 40μm away from the main microchannel in order to fill it with the 
low melting temperature alloy (Fig. 41). 
 A negative replica of the PDMS microchannel was fabricated using standard soft 
lithographic procedures from the fabricated Su-8 mold and was bonded to cover slips 
with oxygen plasma (Harrick Plasma). The bonded microchannels were then stored 
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covering the entire inlet hole and the solder with a 5-gage dispensing needle. 
 
 For the resistivity measurement device, the molten solder was flown into a 
microchannel with dimensions of W= 100μm, H= 100μm, L= 2cm, and the resistivity 
was measured using a four point probe technique. 
 In order to ensure that most of the resistance is located near the main microchannel, 





   (30)  
 
where R is the heater resistance, A is cross-sectional area and L is the length of the joule 
heater. Two lead wires were connected to each end of the alloy for the current source and 
another pair of lead wires was connected to a voltage data acquisition device (NI-9215, 
National Instruments) to measure the voltage drop. A current of 200mA was applied to 
the alloy and the corresponding resistance was measured across the alloy filled 
microchannel (Fig. 42).  
 The temperature dependence on the alloy resistivity was measured by placing the test 
section on top of a thermoelectric Peltier heater. The bottom of the heater was maintained 
at constant temperature with a heat exchanger connected to a constant temperature water 
bath. A hypodermic T-type thermocouple was embedded close to the test section to keep 
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PDMS surface. This leads to a significant error since the PDMS walls will have a high 
concentration of the Rodamine, thus the walls will look brighter in the image. On the 
other hand Fl and SrB are known to have negligible adsorption on negatively charged 
surfaces.49 
 In order to maximize and reduce the variation in intensity of the fluorophores, the 
fluorophore solution was prepared using a Phosphate Buffered Saline (PBS) solution 
which enables the fluorophore solution to maintain a constant pH. The concentration of 
the solution was 30μmol/L for both Fl and SrB, where the optically thin condition is 
satisfied. The solution pH was determined to be 8.5 so that the quantum yield of Fl can be 
maximized, whereas the quantum yield of SrB is insensitive to changes in pH. Moreover, 
Fl and SrB are known to have poor adsorption to the PDMS surface, thus increasing the 
signal-to-noise ratio.46 
 In order to prepare a 1 liter of 0.1 mol/liter PBS solution with pH of 8.5, 26.5ml of 
Sodium Phosphate Monobasic Monohydrate stock with a concentration of 0.2M and 
473.5ml of Sodium Phosphate Dibasic Dihydrate stock with a concentration of 0.2M 
were mixed. It should be noted that the first solution decreases the pH while the latter 
solution increases the pH. The solvent is then mixed with 500ml of deoinized (DI) water 
and is thoroughly stirred using a magnetic stirrer for over 2 hours. Since the highest pH 
achievable by mixing the two solutions are approximately 8.0, drops of 1M of Sodium 
Hydroxide was added to the PBS solution until the pH level was increased to 8.5. 
 The fluorophore solution was then prepared using the 0.1M PBS solution, with a final 
concentration of 30μM for both Fl and SrB. After the fluorophore solution was 
significantly stirred using the magnetic stirrer, the solution was filtered through a 
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Buchner funnel with two layers of glass-fiber filter of 1.5 μm and 0.7μm pore size. Once 
the final solution was prepared, the solution was stored in a vacuum desiccator for 2 
hours. 
 
4.3.4 Dual Fluorescence Thermometry for Temperature Measurement 
 Dual fluorescence thermometry (DFT) utilizing temperature sensitive fluorophores 
enables non-intrusive temperature measurements at the microscale. The main advantage 
of the DFT is its high accuracy due to the highly sensitive fluorescence of the 
fluorophores to temperatures.47 At constant pH, C, t and with a single light source, it is 
possible to measure solution temperatures from the fluorescent intensities since the 
quantum yield of the fluorophores is dependent on temperature.   
 However, the excitation intensity from the light source usually varies over spatially 
and temporally. Although the laser system used in this experiment demonstrated a power 
variation of <0.5% over 2 hours, it is necessary to decouple as many variables as possible 
to simplify the measurement. As explained in Section 4.2.3, the variation in emI  from 
those due to 0I , DFT was implemented by taking the ratio of the two fluorescent dyes.  
 An argon-ion laser at a wavelength of 514nm (Stellar-Pro Select 150, Modu-laser) was 
used to excite the fluorophores, and the Fl and SrB emissions were isolated by a dual 
channel imaging system (DV2, Photometrics). In the microscope, a first dichroic mirror 
close to the sample reflects the excitation wavelength ( =514nm) while transmitting 
fluorescent emissions with longer wavelengths. In the dual channel imaging system, a 
secondary dichroic mirror transmits the Fl emissions at wavelengths  <561nm and 
reflects the longer SrB emission wavelengths at  >561nm.  The Fl and SrB emissions 
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are further cleaned by passing through a short bandpass filter which transmits 
wavelengths   = 522-552nm and a longpass filter that transmits the wavelengths  = 
590-650nm, respectively.  The corresponding emission data were collected with a charge-
coupled detector device (Coolsnap HQ Diff, Photometrics) with a 12-bit resolution and a 
single pixel size of 6.45μm. 
 
 
Figure 44. Schematic diagram of the dual fluorescence detection setup. The diagram 
inside the dotted line are the components of the dual channel imaging system. 
 
 It should be noted that the two fluorophores will have spectral errors, as explained in 
Section 4.2.4. For the Type 1 error, the emission of Fluorescein may roughly account for 
10% of the Sulforhodamine B emission. For the Type 2 error, the intensity ratio may 
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deviate by approximately 2% based on Eq. (29). The aforementioned errors can be 
resolved by correlating the emission intensity ratio , ,/em SrB em FlI I  to individual temperature 
settings. In order to further increase the reliability of the DFT calibration data, calibration 
was performed within the PDMS microchannel.  
 A thermoelectric Peltier heater was placed underneath the microchannel to ensure a 
constant fluid temperature near the microchannel outlet. The temperature was monitored 
using a T-type hypodermic thermocouple (HYP0, Omega) with a tip diameter of 0.2mm 
embedded near the outlet. A 10× objective lens (NA=0.35, Nikon Microscopes) was used 
to focus the diverging section near the outlet and close to the embedded thermocouple. 
The water temperature was varied from 25°C to 85°C and the corresponding Fl and the 
SrB intensity data was collected. 
 
4.3.5 Image pre-processing for dual fluorescence thermometry 
 Prior to performing ratiometry of the two intensity images, it should be noted that the 
two emission images are taken in one CCD detector (Fig. 45). Since ratiometry requires 
two emission images aligned perfectly with each other, simply splitting the image in half 
and overlapping the two images will lead to a significant error. Hence, one of the two 
emission data must be processed so that the two images are aligned with each other. 
Since the two emission data are not spatially identical, the images must be pre-processed 
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 Once the displacement vector is mapped out to the individual pixel level, the 
displacement information is applied to frame B of the sandpaper image. Based on the 
shifted displacement data from the PIV results, the intensity values from the secondary 
frame were shifted accordingly to a blank frame with the size identical to the reference 
frame (Fig. 47(b)). As seen Fig. 47(a), the ratiometry will result in incorrect analysis if 
the secondary image is not processed due to the significant misalignment of the two 
images. It should be noted that there are losses of information in the corrected secondary 
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Figure 47. Comparison of the ratiometry correlation by overlapping the two images (M= 
10x, NA= 0.35) taken from the dual channel imaging system for (a) uncorrected original 
images and (b) displacement corrected images. Since each pixel in frame B has been 






4.4  Results 
4.4.1 Resistivity of microheaters 
 The resistivity of the solder alloy was measured using the four-point probe method. 
The main current was supplied at 200mA and the corresponding resistivity was measured 
under different temperature conditions. In Fig. 48, the resistivity increases approximately 
by 28% over the extent of the tested temperature range. Since resistivity increases with 




Figure 48. Measurement of resistivity vs. temperature for the Bi-Ti alloy. The error bars 




4.4.2 Temperature calibration for the DFT 
 In order to correlate the intensity ratio between the Sulforhodamine-B and 
Fluorescein solution vs. temperature, the intensity ratio of the two fluorophores was 
calibrated to the measured temperature value within the microchannel. A hypodermic T-
type thermocouple was embedded close to the microchannel outlet (Fig. 49) and 
micrographs were taken for each temperature setting.  
 
 
Figure 49. Schematic diagram of the temperature calibration settings, where a 
hypodermic thermocouple is embedded near the microchannel outlet. 
 
 To ensure that the thermocouple is measuring the actual fluid temperature, the 
temperature gradient in the thermocouple was analytically modeled. The thermocouple is 
assumed as a cylinder, and the energy balance for a differential element of the cylinder 
(Fig. 50(a)) is,  
 




where qcond is the conductive heat transfer and dqconv is the convective heat transfer, and 
the negative value represents heat transfer flowing out of the differential element.  The 
thermocouple end with the copper-constantan junction is submerged in water at length L1, 
and the rest is exposed to air at length L2. It should be noted that the section where the 
thermocouple is embedded in PDMS is omitted since the boundary condition is assumed 
as adiabatic due to its high thermal resistance (Fig. 50(b)).  
 
 
Figure 50. Schematic diagrams of (a) an energy balance of a thermocouple element and 
(b) the entire thermocouple modeled with length L1 submerged in water in the 




Since the thermocouple is divided into two sections with different fluids, the axis of 
origin is designated as the location where the phase changes (liquid and air), and the 
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(32)  
where   are the relative temperatures ( 1 ,wT T   , 2 ,wT T    and , ,wa a wT T    ), k 
is the thermal conductivity of the metal (assumed as tin), Ac is the cross-sectional area of 
the thermocouple, h1 is the heat transfer coefficient of the water and h2 is the heat transfer 
coefficient of the air. Solving for Eq. (31) with the boundary conditions from Eq. (32), 
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  (p is the perimeter of the thermocouple cross-section). 
The temperature profile along the thermocouple can be estimated (Fig. 51(a)) by 
substituting in the appropriate parameters from Table 5. The analytical model is also 
compared with the numerical results, where the results agree well with each other. 
 
Table 5. Parameters required in order to calculate Eq. (30). The value of the convective 
coefficient h1 is based on 4.1Nu   for fully developed flow in a square duct with 
constant wall temperature18. 
Parameters r k h1 h2 Ta,∞ 
Values 100 μm 22 W/m·K 12,000 W/m2·K 40 298.15 K 
 
Based on the estimated thermocouple tip temperature vs. external water temperature plot 
(Fig. 51(b)), it can be assumed that the temperature at the thermocouple tip will be close 
to the actual water temperature and that the fluorescence ratio will be properly correlated 




Figure 51. (a) Plot of thermocouple temperature vs. thermocouple location if the water 
temperature is assumed as 90˚C, where the solid line is the analytical result and the dotted 
line is the numerical result. (b) Plot of thermocouple tip as a function of the water 




Based on the procedures mentioned in Section 4.3.4, the DFT calibration was performed 
by comparing the fluorescence emission ratio to the temperature readings from the 
thermocouple (Fig. 52). 
 
 
Figure 52. Fluorescence intensity ratio calibration of SrB-Fl under different fluid 
temperatures. The data has been curve fitted with a parametric cubic polynomial.  
 
Using the calibrated intensity ratio data, the temperature profile across the microchannel 
was analyzed before and after the microheater section for every power and flow rate 
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microchannel cross-section, the integral in Eq. (35) reduces to mcT . Since the mass flow 
rate and the specific heat cancels out, the bulk temperature can be assumed as the average 
temperature value from the temperature profile data. 
 
 
Figure 54. An example of the temperature profile before and after the microheater 








4.4.4 Calculation of heat efficiency eff  







    (36)  
 
where convQ  is the convective heat transfer rate and inQ  is the power supplied by the joule 
heater. The power supplied by the heater was calculated with inQ VI , where V  is the 
voltage and I  is the current. The four point probe method is implemented at the junction 
between the microheaters and the lead wires to neglect the bias from the lead wires. For 
the numerator in Eq. (36), the convective heat transfer rate was calculated with 
( )conv mQ m cT   , where m  is the mass flow rate, c  is the specific heat of the water and 
mT  is the bulk temperature. As explained in the previous section, the bulk temperature 





Figure 55. Graph of advective efficiency vs. power for different flowrates. The 
uncertainty increases for lower power settings due to smaller temperature differences. 
 
 As expected, the advective efficiency results indicate that the efficiency is constant 
with power supplied through the microheaters (Fig. 55). Also, the efficiency increases 
with higher flow rates since higher mass flow rate can transport energy more efficiently. 
It should be noted that the uncertainty increases for higher flow rates and/or smaller 
power input. Since the uncertainty of the current T-type thermocouple ranges from 0.5-
1.0˚C, the error relative to the temperature difference will become significant if the mass 





4.4.5 Heat Loss Estimation 
 Although the advective efficiency increased with flow rate in Fig. 55, it was observed 
that there are limitations on how much the efficiency can increase if the efficiency is 
plotted as a function of the flow rate. In Fig. 56, the advective efficiency starts off at ~6% 
at 15μl/min and increases rather linearly up to 100μl/min, where the corresponding 
efficiency is ~39%. However, the efficiency levels off beyond 100μl/min, where the 
efficiency reaches 47% even though the flow rate has been further increased to 290μl/min.  
 
 
Figure 56. Comparison of numerical and experimental results of efficiency vs. flow rate. 
The slopes for both cases start levelling off as the flow rate is increased. 
112 
 
Numerical simulation was performed and compared with the experimental results in 
order to explore the behaviour of heat loss levelling off. The microchannel with 
integrated microheaters similar to the actual sample was modelled, where properties of 
PDMS53-54 and Tin was used to define the material characteristics of the microchannel 
and microheaters, respectively. A forced convection coefficient of 40 2/W m K  was set 
as the boundary condition at the outer layer of the PDMS chip since circulation of air was 
apparent near the experimental setup due to the fans from the laser, power supply and the 
camera. The power supplied to the microheaters was set as 244mW, where an 
approximate lead wire resistance of 4% was implemented. As can be seen in the figure, 
the numerical results demonstrate a similar behaviour to the experimental results, 
suggesting that the heat loss to the environment is significant despite the poor thermal 
conductivity (~0.25 /W m K ) of the PDMS.  




 ) is performed as a function of flow rate (Fig. 57). For flow rates 
under 100μl/min, the advective resistance Radv is dominant and most of the heat is lost to 
the environment. However, the advective resistance diminishes with 21advdR dm m    






Figure 57. Graph of numerical results on thermal resistance vs. flow rate for different 
heat transfer modes. The advective resistance is dominant for flow rates under 100μl/min. 
 
 It should be noted that while the convective heat transfer resistance is below 13% of 
the advective resistance for flow rates under 290μl/min, it becomes dominant if the mass 
flow rate is infinitely increased. It is expected that for very large flow rates, the heat loss 
to the environment will become negligible, and the advective resistance will become 
similar to that of the convective resistance. However, since the hydraulic resistance is 




), it is likely that for realistic applications the 
advective resistance will be comparable to the heat loss resistance.  
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 4.4.6 Microchannel/Microheater Aspect Ratio Effects on Efficiency 
The advective efficiency can be increased by increasing the aspect ratio of the 
microchannel cross-section. In Fig. 58, microheaters with two different aspect ratios 
(height/width) of 1.3 and 2.5, corresponding to microchannel heights of 50μm and 100μm, 
are compared under the power generated at ~250mW.  
  
 
Figure 58. Comparison of heating efficiency vs. flow rate for two different 
microchannel/microheater heights (50μm and 100μm). A linear line is curve fitted to 
enhance visualization of the trends. 
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Results suggest that the efficiency vs. mass flow rate is increased by ~30% as the 
microheater aspect ratio is increased from 1.3 to 2.5, which is expected since more 
surface area of the main microchannel is exposed to the microheater. However, the 
increase in efficiency is not as significant compared to the ~100% increase in the 
microheater and microchannel aspect ratio.  
 
4.4.7 Possible Sources of Measurement Error 
The advective efficiency measurements may be affected by factors other than the heat 
loss. One such example is the preheating effects of the microchannel near the inlet region, 
particularly if the flow rate is low in the microchannel and the heating power is large in 
the microheaters. Since less heat will be removed by advection under low flow rate 
conditions, the microheaters will likely to conduct heat evenly throughout the entire 
PDMS slab. Consequently, the water will be significantly heated near the microchannel 
inlet (Fig. 59). If the room temperature is assumed as the inlet temperature, the advective 
efficiency will increase by eg. 2-3% at Q= 15μl/min. As the flow rate increases, the 







Figure 59. Comparison of water temperature upstream of the heating section for different 
flow rates. 
 
 Another source of error may be caused by the lead wire effects in the microheater 
section. The microheater is consisted of the main heater section and the 
converging/diverging section, where the latter section is required to connect the external 
electric wire. Since the voltage drop was monitored at the electrical wires connected to 
the microheater inlet and outlet, the measured resistance includes the converging and 
diverging sections as well. By inspecting the geometrical dimensions of the microheater, 
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the resistance from the converging/diverging section is approximately 4% of the entire 
microheater and the efficiency may increase by ~1% if this section is neglected.  
 Regardless of the possible measurement errors, it can be inferred that the heat loss to 
the environment is significant. Since the goal of this chapter is to provide a basis to 
measure the convective efficiency of a superhydrophobic microchannel, achieving a high 
efficiency system is important. There are a number of suggestions to improve the 
efficiency. One way is to increase the height of the Su-8 mold. Since the height of the 
microchannel and the microheater is identical, the advantage in increasing the height will 
be two-fold: 1) the hydrodynamic resistance will be reduced thus resulting in a higher 
mass flow rate (and convection) with the same inlet pressure, and 2) the microheater area 
facing the microchannel will increase, thus reducing the losses towards the top and 
bottom of the microheater. Another possible method to increase the efficiency is to apply 
additional thermal resistance at the bottom and top of the microchannel. Since the PDMS 
has a thermal conductivity of 0.25 W/m·K, it is similar to acrylic. It is possible to at least 
replace the insulation at the bottom of the microchannel with a different material (eg. 
mineral wool which has a thermal conductivity coefficient of 0.04 W/m·K). 
 
4.4.8 Correlating Hydrodynamic Resistance to Average Fluid Viscosity 
 As an extension to understanding the significance of heat loss effects, the 
hydrodynamic resistance is correlated to the average fluid viscosity in the microchannel, 
where the viscosity is based on the arithmetic average of the inlet and outlet temperature 
measurements. Since the microchannel dimensions and the fRe  (Eq. (9)) are constant the 
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hydrodynamic resistance h PR Q
  is mainly a function of the fluid viscosity, 
h
R C   , where the constant C is a function of the microchannel dimension. 
 Figure 60 compares the hydrodynamic resistance and the averaged viscosity, where 
the viscosity corresponds to the average temperature measured before and after the 
heating section. The graph is normalized by the initial values in order to compare if the 
hydrodynamic resistance and the viscosity maintains a linear relation. If the mass flow is 
large (Fig. 60(b)), the hydrodynamic resistance and the average viscosity decrease at a 
similar rate. This indicates that the temperature increases linearly throughout the majority 
of the microchannel and that the average viscosity of the water can be used to analytically 
estimate the hydrodynamic resistance. However, for the low mass flow rate case (Fig. 
60(a)), the two parameters deviate significantly from each other as the temperature is 
increased. One explanation for the reason behind this discrepancy is due to the 
propagation of heat throughout the entire microchannel under low flow rates. Figure 61 
represents the numerical results of bulk temperature vs. microchannel location with 
244mW heating from the microheaters, which corresponds to Tavg ~ 35˚C in Fig. 60. As 
seen in Fig. 61, the bulk temperature profile for Q = 15μl/min reaches a maximum near 
the middle of the PDMS, where the thermal resistance is the largest, and starts to 
decrease as the fluid travels downstream towards the outlet. The results clearly explain 
the large discrepancy in trends between the average viscosity and the hydrodynamic 
resistance: the average viscosity in Fig. 60 is based on the arithmetic mean of the 
measured bulk temperature near the inlet and outlet while the hydrodynamic resistance is 
the actual measurement of the fluid hydrodynamic resistance. In order to match the two 
normalized trends, it is recommended to measure multiple locations along the 




Figure 60. Comparison between the drop in hydrodynamic resistance and the average 






Figure 61. Numerical results of bulk temperature vs. axial location along the 
microchannel. The power from the microheater is set to 244mW which corresponds to 
Tavg ~ 35˚C in Fig. 60. 
 
 The bulk temperature for a higher flow rate of Q = 100μl/min, on the other hand, 
increases rather linearly. For this case the arithmetic mean of the temperature to correlate 




4.5  Conclusion 
 In this chapter, microheaters that can deliver heat through the microchannel side walls 
were fabricated and the heat efficiency was evaluated by performing DFT with a 
continuous laser source. The joule heaters aligned to the side of the microchannel were 
fabricated by filling the voids with low melting temperature alloys, and the efficiency 
was performed by analyzing the temperatures upstream and downstream of the 
microheater section. 
 Results suggest that an advective efficiency of ~50% can be achieved with a 
100μm×100μm (height×width) microchannel if the mass flow rate is increased to 
290μl/min and that the heat loss to the environment is dominant (>78%) for flow rates 
under 50μl/min. Since the heat loss is significant despite the low thermal conductivity of 
the PDMS (~0.25 2/W m K ), extra insulation should be applied to the microchip and the 
height to width aspect ratio of the microheater/microchannel should be increased. Since 
the purpose of this chapter is to serve as a basis to quantifying heat transfer effects in 
superhydrophobic microchannels, the results presented here will provide a baseline in 
designing microheater embedded microchannels. 
  
4.6   Achievements 
 Journal paper – “Thermal Efficiency Characterization of Tall Microheaters 






CONCLUSION AND RECOMMENDATIONS 
 The purpose of this research is to characterize the frictional behavior of 
superhydrophobic microchannels and compare the results with the conventional 
assumptions on flow over micro-textured surfaces under the Cassie-Baxter state. The 
study focuses on three major topics: 
1) Quantifying the friction reduction effects in a superhydrophobic microchannel 
flow under room temperature conditions (Chapter 2) 
2) Studying the effects on friction under heated conditions in a superhydrophobic 
microchannel flow (Chapter 3). 
3) Developing methods to deliver heat from the side walls and accurately measure 
the convective heat transfer effects as an effort to enable measurements on heat 
transfer in superhydrophobic microchannels for future work (Chapter 4). 
 In Chapter 2, the friction reduction effects were studied for microchannels with 
micro-trenches, or transverse grooves, oriented on the side walls. This enable tracking of 
the air-water interface whether the micro-trenches were wetting or de-wetting. 
Comparison with numerical results showed that the air-water interface behaved close to a 
no-slip boundary condition and that the friction may actually increase if the micro-
trenches are strongly de-wetting. As the microchannel inlet pressure (hence the Re) was 
increased to the point that most of the micro-trenches were partially wetting, the friction 
became insensitive to Re.  This may be attributed to the fact that the streamlines cannot 
deflect beyond a certain distance into the micro-trench, and the effective flow area will be 
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constant in the wetting micro-trenches throughout the entire microchannel. The two 
intitially de-wetted micro-trench experiments were then compared with a fully wetted 
case where all the micro-trenches were completely wetted prior to the experiment. 
Comparing the two cases (de-wetted vs. fully wetted), it can be suggested that the fully 
wetted micro-trenches may lead to significant friction reduction as well. Moreover, for 
cases where the absolute pressure in the microchannel is small, the fully wetted case may 
be beneficial over the de-wetted case in terms of maximizing friction reduction. 
 In Chapter 3, heat transfer is introduced in order to increase the stability of the 
Cassie-Baxter state. Results showed that heating the micro-trenches can maintain a de-
wetted state even if the inlet pressure is high enough to cause the micro-trenches to wet 
normally under room temperatures. However, if the microchannel is excessively heated, 
the air-pockets will continue to grow until the main water channel is significantly pinched. 
This results in a reduction in flow area and the microchannel friction increases until 
eventually the water layer is completely disrupted due to the air layer merging together. 
The results presented in this chapter demonstrate that a stable Cassie-Baxter state is 
achievable if the temperature is carefully controlled. However, because the air pockets 
sizes are difficult to control with temperature, it can also be inferred that pre-wetting the 
micro-trenches is more advantageous than trying to maintain the Cassie-Baxter state, 
considering the results in Chapter 2 that significant friction reduction can be achieved by 
the Wenzel state as well. It should be noted that the analogy in Chapter 2 and 3 mainly 
applies to microfluidic channels with micro-grooves transverse to the water flow 
direction. 
 In Chapter 4, as part of the future experiments where the final goal is to characterize 
the convective heat transfer coefficient of flow over micro-trenches under varying 
124 
 
penetration states, microheaters which can heat the side microchannel walls have been 
fabricated and the temperature measured using laser induced fluorescence. Low melting 
temperature alloy was introduced into the microheater section of the PDMS device, 
where the microheater height is identical to the water microchannel. With the embedded 
microheaters, the convective heat transfer efficiency is characterized by measuring the 
temperature gradient at the heated section using dual fluorescence thermometry. While 
~50% heat removal efficiency was observed, this was mainly achieved by increasing the 
mass flow rate above 100μl/min. Since our goal is to measure the heat transfer coefficient 
with the air pockets intact, the mass flow rate introduced in this section is undesirable 
since the gage pressure within the microchannel will be large enough to flood the air 
pockets. A few methods can be suggested to reduce the heat losses to the environment 
such as, adding an extra insulating layer or replacing the insulator with a lower 
conducting material underneath the microchannel, and increase the PDMS thickness to 
add extra thermal resistance to the top side of the microchannel.  
 There are still many questions to be answered regarding the hydrodynamic and heat 
transfer characteristics of superhydrophobic microchannels. While the friction reduction 
effects of partially wetting micro-textures have been studied through the measurement of 
the Darcy friction - Reynolds number product, it is recommended to measure the slip 
velocity at the air-water interface under different water penetration levels, where one 
method to experimentally achieve this is by using micro-particle image velocimetry 
techniques. Moreover, with the apparatus and measurement methods developed to 
accurately characterize the temperature gradients in the microchannel, it is expected that 
the convective heat transfer can be measured in the future for flow in superhydrophobic 
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